Geomechanical model testing is an important method for studying the overall stability of high arch dams. The main task of a geomechanical model test is deformation monitoring. Currently, many types of deformation instruments are used for deformation monitoring of dam models, which provide valuable information on the deformation characteristics of the prototype dams. However, further investigation is required for assessing the overall stability of high arch dams through analyzing deformation monitoring data. First, a relationship for assessing the stability of dams is established based on the comprehensive model test method. Second, a stability evaluation system is presented based on the deformation monitoring data, together with the relationships between the deformation and overloading coefficient. Finally, the comprehensive model test method is applied to study the overall stability of the Jinping-I high arch dam. A three-dimensional destructive test of the geomechanical model dam is conducted under reinforced foundation conditions. The deformation characteristics and failure mechanisms of the dam abutments and foundation were investigated. The test results indicate that the stability safety factors of the dam abutments and foundation range from 5.2 to 6.0. These research results provide an important scientific insight into the design, construction, and operation stages of this project.
Introduction
Currently, the construction of high arch dams in China is undergoing vigorous development. Several high arch dams about 300 m high, which represent an advanced class of arch dams, are planned or under construction. For example, the Xiaowan arch dam (294.5 m high) was built on the Lancang River. The Jinping-I arch dam (305 m high) on the Yalong River is under construction. The Baihetan (289 m high) and Wudongde arch dams (265 m high) on the Jinsha River and the Songta arch dam (313 m high) on the Nujiang River are currently in the design phase. Most of them involve great dam heights and huge reservoir capacities. These largescale arch dam projects are accompanied with large flood discharges, high earthquake intensities, and complicated geological conditions [1] . To guarantee the safety of these projects, it is important to study the stability of both arch dams and dam foundations, to select optimum foundation reinforcement schemes, and to evaluate the strengthening effects of the corresponding reinforcement measures. A lot of efforts have been made to monitor the field performance of dams [2] , but the instrumentation costs are expensive and the interpretation of field monitoring results is complicated. Geomechanical model testing is an important approach that can solve these problems.
Geomechanical model testing is a method that can reasonably simulate the dam under investigation, by taking into account the geological structure of the dam abutment and its reinforcement measures using certain similarity principles [3, 4] . The primary purpose of this test is to obtain deformation characteristics and failure pattern of the prototype through overloading or strength reduction [5] . Using this method, the influences of the geological structure on the dam safety can be evaluated, which can provide a reference for designing foundation reinforcement schemes. In addition, by studying the deformation monitoring data and the failure mechanisms of dam abutments and foundations, the safety factor of the dam and foundation can be determined. Such monitoring Deformation monitoring is very important for geomechanical model tests. However, as the deformation of smallscale models is much smaller than the prototype, the deformation instruments should have very high precision. They should also have small sizes and light weights, so that they can be easily installed in the model dams. Currently, different types of deformation instruments, including mechanical sensors, inductive sensors, resistance strain gage, and differential transformers, are available. All of these instruments have been frequently used for deformation monitoring of geomechanical models and can meet the high-accuracy requirements. Due to the development of measurement technologies, especially the rapid development of computers and automation technologies, the measurement methods and techniques in model tests developed rapidly. These sensors are more accurate and reliable than conventional ones. For example, the internal displacement transducer developed by Zhang et al. [6] can be used to monitor the relative deformation of the structural planes in the rock mass. The small twoway resistance displacement sensor developed by Huang and Chen [7] can replace resistance strain gauges in the model instrumentation system. The fiber optic sensing method is another important advance for geomechanical model tests [8] [9] [10] . The fiber optic sensors have many advantages over conventional sensors, such as small size, high accuracy, and inherent resistance to corrosion and electrical noise [11] [12] [13] [14] .
Although the development of deformation testing techniques can meet the requirements of geomechanical model tests, more works should be conducted to relate the deformation measurements gained to the overall stability of high arch dams. Zhou et al. [15, 16] , Liu et al. [17] , and Zhang et al. [18] of Tsinghua University established an analysis and evaluation system for the model tests of several high arch dams in China, such as the Xianghongdian, Qingshiling, and Jinshuitan dams. They summarized the test results of these dams and grouped a set of safety evaluation methods based on 1 (initial cracking load), 2 (nonlinear start load), and 3 (limit fracture load) values. They also introduced the evaluation index into the engineering design specifications of China. Peng et al. [19] of Tongji University presented a systematic method for slope safety evaluation utilizing multisource monitoring information. However, a complete set of stability evaluation systems was not formed for the comprehensive test method of geomechanical models.
In this paper, a relationship for assessing the stability of dam safety is established based on the comprehensive model test method. A stability evaluation system is presented based on the deformation monitoring results. Two inflection points are proposed to indicate the stability condition of high arch dams. Finally, the comprehensive model test method was applied to study the overall stability of the Jinping-I high arch dam. A three-dimensional (3D) destructive test of a geomechanical model dam was conducted under reinforced foundation conditions. The deformation characteristics and failure mechanisms of the dam abutments and foundation were investigated in detail.
Comprehensive Test Method for Geomechanical Models

Principles of the Comprehensive Test Method.
For geomechanical models, three test methods are widely used, including the overloading method, the strength reduction method, and the comprehensive method. The overloading method mainly considers the upstream overloading effect on the stability of the dam abutments. The strength reduction method focuses on the effects of the decreasing mechanical strengths of the rocks and weak structural planes in the abutments and foundation on the dam stability. The comprehensive method is a combination of the overloading and strength reduction methods, through which a variety of factors can be investigated within one model [20] . For the overloading method, multistage loadings are generally accomplished by using jacks installed on the upstream surface of the model dam, through which the water overloading is applied. The overloading method is extensively applied in geomechanical model tests because of its convenience. The comprehensive method can consider more factors simultaneously, but overloading and strength reduction must be conducted in one model, which results in a certain degree of difficulty. Here, we proposed a comprehensive test method for geomechanical models, which takes advantages of special temperature analogous materials [21] [22] [23] .
The safety factor of the comprehensive test method was assessed by using the basic concepts of degree of safety (or the point safety factor) and the principles of the overloading method and the strength reduction method. The point safety factor can be expressed as follows:
where is the point safety factor, is the design water pressure on the upstream dam surface (sliding force), is the shear friction coefficient, is the cohesion, is the normal force of the sliding surface, is the sliding surface area, is the normal stress on the surface of the integral infinitesimal, is the integral infinitesimal area, and is the shear strength at the surface of the integral infinitesimal.
Equation (1) can be rewritten as
Equation (2) shows that in the overloading method the material mechanical parameters of and and the shear strength will remain constant. Thus, we can increase the design water pressure until the model dam fails. The coefficient of the overload that corresponds to the failure of the model dam is called the overloading safety factor . Equation (2) can be rewritten as in the following format: If the in (3) is decomposed into two parts, that is, the strength reduction coefficient 1 and the overloading coefficient 2 , the following relationship can be obtained:
Equation (4) shows the concept of the comprehensive test method, from which the comprehensive safety factor can be represented as follows:
According to (1) to (5), the comprehensive method is advantageous because it considers not only the overloading effect of the dam but also the influence of decreasing strength of rock mass and structural planes. Thus, this method integrates the merits of the overloading method and the strength reduction method.
Safety Factors of the Comprehensive Test Method.
As shown in (5), the safety factor in the comprehensive test method is a product of the strength reduction coefficient 1 and the overloading coefficient 2 . The strength reduction coefficient 1 is the reduction factor of the mechanical parameters and , which mainly consider the softening effect of rock masses and structural planes under the actions of reservoir water. This situation occurs under the normal operation conditions of a dam. In the dam stability analysis, the degree of strength reduction for the structural planes is often assigned a value of 15%∼30% according to engineering experiences [24] . Thus, the strength reduction coefficient 1 is between 1.15 and 1.3 in the comprehensive model tests.
The overloading coefficient 2 represents multiples of the design water pressure , which can be withstood by the dam structure. The situation when the dam is subjected to an unusually large load is considered [25] . Obtaining the overloading coefficient 2 in the comprehensive test method is very important. The deformation of the dam body and dam foundation directly reflects the dam stability and potential damage. Therefore, in a geomechanical model test, the monitoring results of the deformation of the dam and dam abutments should be analyzed in detail. In this study, the deformation catastrophe theory [26] is used to propose characteristic points of the deformation curves obtained from model tests, which provides a basis for evaluating the overloading coefficient. A typical curve between the dam deformation and the overloading coefficient of a dam model is shown in Figure 1 . Figure 1 shows that the failure process of a model dam can be divided into three stages, that is, the elastic deformation stage, the elastic-plastic deformation stage, and the overall instability stage. The curve has two inflection points. Before the first inflection point, the model is in the elastic deformation stage and the dam is in the normal operation phase. When the first inflection point approaches, the dam is assumed to have a small crack. At this point, the overloading coefficient 2 is also called the initial cracking coefficient 2Initial crack . As the overload continues to increase, the model dam enters the elastic-plastic deformation stage. In this stage, more and more cracks appear on the surface of the model dam but the dam structure remains stable. After the second inflection point is reached, the dam deformation increases suddenly and the model dam enters the plastic deformation stage. Finally, the entire model dam shows overall instability tendencies. In the model test, the second inflection point is called the large deformation inflection point, and the corresponding overloading coefficient is called 2Large deformation . In addition, the overloading coefficient corresponds to the overall instability and is called 2Limit . Based on the catastrophe theory and engineering practices [27] , the second inflection point is critical for evaluating the stability of the model dam. In this study, the second inflection point of the deformation curve is considered as the indicator of the overloading coefficient 2Large deformation .
Deformation Monitoring in the Comprehensive Method
Test. In the comprehensive test method of geomechanical models, the measurement system of the model consists of three parts. The first part is to monitor the surface deformation of the dam and dam shoulders and the second part is to measure the strains of the dam. The third part is for monitoring the relative deformation of the internal structural planes in the abutment rock masses. Currently, linear variable differential transformers (LVDTs) are commonly used in modal tests to monitor the surface deformation. These instruments are based on Faraday's law of electromagnetic induction and the sensing unit can convert the change of the measured signal to the change of mutual inductance. The transformer consists of a primary coil, a secondary coil, and an iron core. When an electric current passes through the primary coil, an initial voltage output is generated. This output causes the iron core to become mobile when the measured object moves, changing the mutual inductance coil. At this time, the output voltage varies with the change in the mutual inductance coil, which is proportional to the applied displacement. Consequently, the displacement measurement can be obtained. The SP-10A digital displacement measuring instrument is commonly used in geomechanical model tests. The instrument is characterized by its simple structure, high sensitivity, and easy installation. The measurement range of displacement is ±1 to ±50 mm, with an accuracy of 0.001 mm.
The monitoring instruments of strain and relative deformation are all based on the electrical resistance measurement technique. Resistance strain gauges are used as sensing elements, and the Wheatstone bridge principle is used for data collection. Commonly used equipment for data collection is the UCAM-70A and UCAM-8BL universal digital testing device. The surface and internal displacements of a model dam are directly related to the stability of the dam and foundation. Once the deformation of the model dam is captured, the evaluation of the health condition of the prototype structure can be carried out. In the following sections, the monitoring results of a comprehensive model test of the Jinping-I high arch dam are presented and the deformation and failure characteristics of this dam are discussed.
Jinping-I High Arch Dam
Project Background.
The Jinping-I hydropower station is a large-scale cascade hydropower station in China, which is located on the main branch of the Yalong River in Sichuan Province. This hydropower project has a total capacity of 3600 MW. The maximum height of the concrete hyperbolic arch dam is 305 m, which is the tallest arch dam under construction in the world.
The watercourse of the site area is straight, and the river flows towards N25 ∘ E. The valley consists of deep V-shaped canyons with a relative elevation difference of 1500 m to 1700 m. The rock stratum of the left river bank is a reverse slope. The upper and lower rock strata are mainly composed of sandy slate and marble, respectively. The rock stratum of the right river bank forms a consequent slope, and the rock stratum consists of marble. The slope of the lower part is steep and the higher part is gentle. The typical geological profile of this site is shown in Figure 2 .
The rock masses in the arch dam abutment are strongly affected by geological tectonics. Within the rock masses, faults, alteration veins, inner layer compressed zones, joint fissures, deep cracks, and other types of weak structural planes exist, which greatly influence the overall stability of the dam and foundation. The most critical geological structures include the following: (a) the faults f5, f2, f8, f42-9, f9, and F1; (b) the compressed zone g; (c) the lamprophyre dike X and deep cracks on the left bank; (d) the faults f13, f14, and f18; (e) the greenschist lens; and (f) the steep dip joints in the SouthNorth (SN) direction on the right bank.
Reinforcement Measures of the Dam Abutment and Foundation.
Because the geological conditions of the Jinping-I high arch dam are very complex, large amounts of reinforcements are needed to assure the stability of the dam and foundation. Considering the main geological structures and technical feasibility, the main reinforcement measures in this project include the following: (a) the concrete seating replacement in the left abutment; (b) the concrete replacement grids and hole-plugs for the weak structural planes; (c) the shearing resistant holes, the grooving replacement, and the consolidation grouting. For example, according to the development situation of the fault f2 and the compressive belt (g), grooving replacement was used in the foundation surface near an elevation of 1670 m, where f2 and g were intensively exposed and some of the fault f5 was replaced by two layers of flat holes and four inclined shafts of concrete. The lamprophyre dike X was replaced by three layers of concrete replacement holes and seven concrete replacement holes. Some of the left bank abutment was replaced by concrete cushion blocks at elevations of 1730 m to 1885 m, and three shearing resistant holes were set along the fault f42-9 at elevations of 1883 m, 1860 m, and 1834 m. Furthermore, five dowel holes were set up at elevations of 1829 m, 1785, m and 1730 m. In the right abutment, the concrete grooving replacement, the concrete grids, and the hole-plug replacement for the weak structural planes and the consolidation grouting were adopted as the main reinforcement measures. For example, five concrete inclined adits were adopted along the fault f13 at an elevation of 1601 m to the exposed place, and three layer flat concrete replacement holes and five concrete replacement deviated holes were used to reinforce the fault f14. According to the development of the fault f18 and the accompanying lamprophyre dike X, grooving replacement was used in the foundation surface near an elevation of 1580 m where f18 and X were intensively exposed. A diagram of the reinforcement measures is shown in Figure 3 . 
Design of the 3D Geomechanical Model Test
Model Similarities and Mechanical Parameters of the Rock Masses and Structure Planes.
A geomechanical model test is a type of destructive testing. According to the model similarity theory [28] , the geomechanical model test must satisfy the following similar relationships:
, and = 2 = 3 . Here, , , , , and are the deformation modulus ratio, the bulk density, the geometric ratio, the stress ratio, and the concentration force ratio, respectively. In addition, , , and are Poisson's ratio, the strain, and the friction factor ratio, respectively. Combined with the practical engineering of the Jinping-I high arch dam, we selected a geometric ratio of = 300, a bulk density of = 1, and model simulation dimensions of 4 m × 4 m × 2.83 m (river length × river width × height), which was equivalent to a region of 1200 m × 1200 m × 850 m in the prototype project. The load combination simulated in the test was performed based on the sum of the water pressure, the earth pressure, and the selfweight loads.
According to the physical and mechanical parameters of the arch dam concrete (the replacement concrete material), all types of rock masses, and the main structure plane materials provided by the designers, all types of physical and mechanical parameters can be obtained for the model materials by using a similarity relationship conversion. The main physical and mechanical parameters of the prototype and model materials are shown in Table 1 .
Simulation of Rock Masses and Reinforcement Measures in the Dam Abutments and Foundation.
In the geomechanical model test, the rock masses in the dam abutments and foundation were generally composed of small blocks of model materials that accurately simulated the nonlinear and multislit characteristics of the rock masses. Before the model test was performed, a large number of material tests were carried out based on the conversion of the mechanical parameters. The barite powder was the main material, and the highgrade engine oil was used as the cementing agent. They were mixed together at different proportions with additives to form the model material mixtures. Afterward, the model material mixtures were compressed using a BY −100 semiautomatic molding machine and became small blocks with dimensions of 10 cm × 10 cm × (5∼7) cm (length × width × height).
In the geomechanical model, the arch dam, the left abutment concrete seating replacement, the concrete replacement, and other concrete materials were made from the mixtures of barite powder, gypsum, water, and small amounts of additives. The mixing proportions of the additives were selected according to the mechanical parameters of the model material. The model materials for the prototype concrete were molded according to the similarity relations.
Development of Temperature Analogous Materials for the Main Structural Planes.
In this experiment, the main structural planes that affect the stability of the dam abutment were simulated, such as the faults f2, f5, f42-9, and F1, the lamprophyre dike X, the interlayer extrusion fault zone at the left-bank abutment, the faults f13, f14, and f18, and the greenschist lens at the right-bank abutment. To adopt the comprehensive test method and determine the influence of the main weak structural planes, a type of temperatureanalogue material was developed to realize a gradually decreasing process of shear strength of the model material. Using this material, shear strength decreasing of the main faults f2, f5, f13, f14, and f18 and the lamprophyre dike X can be accurately controlled. The other structural planes were simulated using traditional model materials without adding polymer materials and additives and were produced by filling compaction with different thicknesses and mixing proportions. The mechanical parameters of the temperaturedependent analogous material are provided in Table 1 . The relationships between shear strength and temperature were obtained using a series of shear tests, as shown in Figure 4 . Prior to the test, the temperatures of the materials were calculated using the following equations: = 0.0001 2 −0.0177 + 1.131 and = 0.0001 2 − 0.1167 + 4.2714. During the test, the shear strength of the temperature-analogue material was accurately reduced through a temperature control system. When testing the shear strength indexes of the rock mass and the structural plane ( and ), we generally considered the combined effects of the shear strength as = + = + because the friction factor ratio is = 1 with a cohesion ratio of = ⋅ (where is the geometric ratio and is the bulk density ratio). Thus, the modeled material cohesion of conversion is very small, and the influences of cohesion have often been neglected in previous experiments. Generally, the friction coefficient of the geomechanical model material is smaller and the cohesion is larger. Thus, the value of cohesion is virtually increased, which greatly affects the test results. If the combined effects of the two factors are considered by making the shear strength of the model material meet similar requirements, we will make the model results correspond more with practical engineering. Thus, in this 3D geomechanical model test of the Jinping-I high arch dam, the strength reduction stage test was conducted by considering the lower shear strength . 
The hydraulic jacks
The arch dam The surface displacement test system
The counterforce frame steps. The internal relative displacement transducers and the temperature control system were installed during the model construction process. After the model was built, the model was refined according to the similarity scales. An overall view of the geomechanical model after completing the model refinement is shown in Figure 5 .
Model Loading System.
The load combination simulated in the test consisted of the water pressure, the earth pressure, and the self-weight load. Because the bulk density ratio = 1, the weights of the model and prototype materials are the same. In addition, the loading system applied the water pressure and earth pressure on the model dam through several layers of hydraulic jacks that were arranged on the upstream surface. By comprehensively considering the distributions of the water and earth pressures, the dimensions of the prototype dam, and the loading capacities of the loading system, the total load was divided into five layers. Meanwhile, the load of each layer was divided into several blocks. The calculated load on each block was applied at the block center using a servocontrolled hydraulic jack. The total load on the upstream surface of the model dam was divided into 24 blocks, and the loads were applied using 24 jacks. Several load-spreading boards were used to eliminate concentrated stress. A photograph of the loading system on the upstream surface of the model dam is shown in Figure 6 .
Model Measurement
System. In this model test, the requirements of the measurement data are mainly for the surface displacement and strain of the dam, surface displacement of the dam shoulders, and relative displacement of the internal structural planes in the abutment rock masses. Overall, 13 two-way or three-way deflection surface displacement measuring points for the downstream face of the dam were arranged at the elevations of 1880 m, 1830 m, 1750 m, 1670 m, and 1620 m to monitor the radial, tangential, and vertical displacements of the dam surface. 28 displacement transformers were installed to monitor the surface displacement and their data were collected by a SP-10A digital displacement measuring instrument. The arrangement of the surface deformation monitoring points on the downstream face is shown in Figure 7 .
Overall, 15 strain measuring points were arranged on the downstream face of the model dam at the elevations of 1880 m, 1830 m, 1750 m, 1670 m, and 1620 m on the arch crown and arch abutment. Three resistance strain gauges were installed at every point to form a strain rosette. The strains at 0 ∘ direction (horizontal), 45 ∘ direction and 90 ∘ direction (vertical) were measured continuously using a UCAM-8BLuniversal digital testing device. The surface displacements of 56 displacement monitoring points at the left and right dam abutments and the reinforcements were measured. To be specific, 33 measuring points were arranged on the left bank and 23 were arranged on the right bank. For every measurement point, the displacements of two opposite directions were automatically recorded by a SP-10A digital displacement measuring instrument. Therefore, there were a total of 112 displacement transformers. The arrangement of the surface displacement monitoring points of the left and right abutments and the reinforcements is shown in Figure 8 .
Meanwhile, 88 relative displacement transducers were installed at the faults f13, f14, f18, f2, f5, f9, and F1, the lamprophyre dike X, the greenschist lens, and the SL15 deep cracks and at other weak structural planes to monitor the internal movement along the structures. Their readings were collected by a UCAM-8BL universal digital testing device.
Analysis of the Test Results
The 3D geomechanical model test was conducted for the Jinping-I high arch dam under reinforcement foundation conditions. First, a very small preloading was applied on the model dam. The normal load was applied afterward and remained constant. In the next stage, the shear strengths of the main structural planes were decreased gradually by heating the temperature analogous materials of the faults f2 and f5, the lamprophyre dike X in the left bank, and the faults f13, f14, and f18 in the right bank. The heating process was divided into six steps (from T1 to T6). The highest temperature was 50 ∘ C, which made the shear strength of the main structures reduce by approximately 30%. Then, the temperature level was maintained, and the loading was increased in stages using loading steps of 0.2∼0.3 ( is the design water pressure) until the model dam and foundation failed. During the test, represents the radial displacement measuring point; the downstream deformation has a positive value.
represents the tangential displacement measuring point; the deformation point to the left has a positive value.
represents the serial number of the deformation measuring point; total 28 displacement meters were installed. the surface displacements, the internal displacements, and the strains of the geomechanical model were collected continuously. The monitoring data obtained in the test include the following: (a) the distributions of surface displacements of the dam structure and their development curves; (b) the distributions of surface displacements of the two abutments and the reinforcements and their development curves; (c) the distributions of relative displacements of the main faults, the lamprophyre dike and the weak structural zones in the dam foundation, abutment and reinforcements, and their development curves; and (d) the strain development curves of the model dam at typical heights. The failure processes and failure patterns of the abutment and the reinforcements were observed. The main results are presented and discussed as follows.
Analysis of the Displacements.
The distribution characteristics of the dam displacement can be summarized as follows. (a) Under the normal or work load conditions, the dam displacements were almost symmetric. The maximum radial displacement was 80 mm (prototype value), which occurred at an elevation of 1880 m on the arch crown. (b) During the strength reduction phase and at the beginning of overloading, the dam displacements were small and the displacements of the left arch and right arch were still symmetric. (c) As the overloading increased, certain asymmetric displacements appeared, especially after 2 = 4.0∼4.6. The deformations at the left end of the arch obviously increased, and the displacements at the left end of the arch were slightly larger than the right arch. The left and right sides of the tangential displacement of the arch were roughly equal to each other throughout the loading process. The typical displacement curves are shown in Figure 9 .
Many of the displacement curves indicate the following. The distribution characteristics of surface displacements on the dam abutment and reinforcements can be summarized as follows. (a) The deformations near the end of the arch and near the exposed place of the lamprophyre dike X were generally larger than other areas. The deformation gradually decreased with the distance to the arch end. The typical displacement curve of the abutment is shown in Figure 10 . Under normal load conditions and in the strength reduction phase, the surface displacements of the abutment and reinforcements were small, and the displacements of the left and right abutments were symmetrical. (b) During the overloading phase and before 2 reached 4.0∼4.6, the displacement gradually increased in a small magnitude. (c) After the overloading coefficient 2 reached 4.6, the deformation of the abutment significantly increased as the overloading increases. This phenomenon indicates that large plastic deformation gradually occurred in the abutments and reinforcements. The displacements of the right bank were slightly larger than the left bank. Most of the displacement curves show an obvious turning point or a reduced slope between the overloading coefficients of 2 = 4.0∼4.6. When the rock mass gradually propagated and connected with each other, and the abutment exhibited overall instability tendencies.
Analysis of Failure Processes and Failure Patterns.
According to the observations, cracking of the model dam initiated at the dam heel when the overloading coefficient was 2 = 1.4∼1.6. When 2 = 2.6∼2.8, the abutment rock mass began to crack near the arch end of the dam crest at the faults f42-9 and f13. In addition, the fault f18 was exposed at its middle-lower portion. When 2 = 4.0∼4.6, the large deformation stage of the model dam was reached. The cracks of the two abutments increased and the dam heel crack significantly propagated and connected from the left to right. More and more cracks appeared and extended at the faults f42-9, f5, f2, f13, f14, and f18 and the lamprophyre dike X. The surface cracks increased in the middle portions of the two abutments and in the rock mass on the right bank near the dam crest. When 2 = 7.0∼7.6, the surface cracks in the left and right abutment rock masses were mutual intersections and were connected with each other. In addition, the model dam, the dam shoulder reinforcements, and weak structural planes demonstrated plastic instability. The final failure patterns of the model under the reinforcement foundation conditions are shown in Figures 11 and 12 .
From the observations of the failure patterns, the following conditions are known. (a) After reinforcement, the final failure zones in the right abutment were mainly located in the triangle area from the fault f18 to the dam crest. This pattern mainly resulted from the interactions of cutting faults and steep dip cracks in the SN direction. Greenschist lenses were deposited in the middle portions of the right abutment, resulting in successive cracking at the faults f13, f14, and f18. The cracks in the rock masses expanded continuously in the steep dip direction of the fracture with mutual intersection and connectivity of the faults. (b) The final failure pattern of the left abutment is that the abutment significantly cracked along the structural planes of the faults f42-9, f5, and f2 and the lamprophyre dike X. These cracks were mainly due to the complex geological conditions of the left bank.
Analysis of the Overall Stability Safety
Factor. Based on the geomechanical model tests, comprehensive evaluation of the overall stability and determination of the safety of the dam and foundation can be conducted based on the following five results: the surface displacement curves and strain curves of the dam body, the surface displacement curves of the reinforcements of the two dam shoulders, the internal relative displacement curves of the weak structural 
Conclusions
In this paper, a stability evaluation system for high arch dams based on deformation monitoring data obtained in comprehensive tests of geomechanical models was proposed. This method was used to investigate the overall stability of the Jinping-I high arch dam. Based on theoretical analysis and experimental investigations, the following conclusions were drawn.
(1) According to the basic principles of the three destructive test methods of geomechanical models and the basic concepts of point safety factors, an approach to assess the stability and safety of dams was established based on the comprehensive geomechanical model test method.
(2) The stability evaluation system is presented based on the deformation monitoring data and the deformationoverloading coefficient curves. Based on the catastrophe theory and engineering practices, the second inflection point of the deformation curve is used to evaluate the stability of the model dam. An overloading coefficient 2Large deformation that corresponds to this inflection point is proposed. These results provide a theoretical basis for the comprehensive test method of geomechanical models.
(3) Using the comprehensive test method, a 3D geomechanical model test of the Jinping-I high arch dam under reinforced foundation conditions was conducted. During this test, the deformation characteristics, failure patterns, and mechanisms of the dam abutment and foundation were captured. The safety evaluation based on the experimental results indicates that the stability safety factors of the dam abutment and foundation range from 5.2 to 6.0. These research results have been applied in engineering. The proposed stability evaluation system in the context can be helpful for similar complex high arch dam projects.
